Vesicular trafficking events play key roles in the compartmentalization and proper sorting of cellular components. These events have crucial roles in sensing external signals, regulating protein activities and stimulating cell growth or death decisions. Although mutations in vesicle trafficking players are not direct drivers of cellular transformation, their activities are important in facilitating oncogenic pathways. One such pathway is the sensing of external stimuli and signalling through receptor tyrosine kinases (RTKs). The regulation of RTK activity by the endocytic pathway has been extensively studied. Compelling recent studies have begun to highlight the association between autophagy and RTK signalling. The influence of this interplay on cellular status and its relevance in disease settings will be discussed here.
Introduction
Mammalian cells have acquired a diverse and exquisitely fine-tuned set of plasma membrane receptors that sense changes in the extracellular milieu. One such family of receptors is the receptor tyrosine kinases (RTKs) whose activities influence various cellular processes including proliferation, survival, differentiation and motility [1] . Approximately 58 RTKs have been identified to date and their activities are tightly regulated at multiple stages. Upon ligand binding, dimerized or oligomerized receptors undergo conformational changes resulting in their cross-phosphorylation and activation [1] . Adaptor proteins recognize these phosphorylated residues to co-ordinate downstream intracellular signalling and subsequent endocytic trafficking of RTKs either back to the plasma membrane or to lysosomes for degradation. Active RTKs trigger a plethora of signalling cascades, including the mitogen-activated protein kinase (MAPK), Janus kinase/signal transducer and activator of transcription (JAK/STAT) and phosphoinositol-3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) pathways ( Figure 1 ) [2] . The role of RTKs in promoting growth and survival is reinforced by the observation that the deregulation of several RTKs (including epidermal growth factor receptor, EGFR, platelet-derived growth factor receptor, PDGFR, insulin-like growth factor-1 receptor, IGF-1R, and hepatocyte growth factor receptor, HGFR or Met) is associated with a number of pathological conditions including cancer.
Macroautophagy (herein, referred to as autophagy) is a vesicular trafficking pathway that delivers cellular components to the lysosome system for degradation [3] . Autophagy involves the formation of a lipid bilayer or phagophore, which engulfs cytoplasmic materials and matures to form the autophagosome. Biochemically, autophagy requires the conjugation of ubiquitin-like proteins (the ATG8 family members) to a lipid moiety that anchors them to membranes and facilitates their role in autophagosome maturation and cargo recognition. ATG3, ATG7 and the ATG12-ATG5-ATG16L1 complex can directly mediate this lipid conjugation reaction. Further upstream, the unc-51-like kinase 1 (ULK1) and Vps34 lipid kinase complexes act to relay signals to initiate autophagy. While autophagy can occur constitutively at basal levels, a number of stimuli can up-regulate autophagy including nutrient and energy deprivation, genotoxic response and pathogen infection. Conversely, autophagy is suppressed by nutrient-rich conditions and growth factor availability, which drive cellular proliferation, thereby highlighting the relevance of autophagy as a stress response mechanism. Cells have developed a variety of methods to integrate RTK activity with autophagic flux, which can provide a switch between catabolism required during times of nutrient scarcity and anabolism when conditions are permissive for cell growth and proliferation. We are coming to understand that the regulation of autophagy and RTK signalling are closely interconnected as both share common signalling and vesicular trafficking pathways. This is an exciting and developing area of research, the results of which show that the interplay of RTKs and autophagy has far-reaching consequences for fundamental cell biology and disease development.
Commonalities of autophagosomal biogenesis and endosomal trafficking
Organelle biogenesis can occur through either the de novo synthesis of new structures or the excision and maturation of precursor structures. While endocytic vesicles bud off precursor structures and mature through the recruitment of small Rab GTPases, autophagosomes require the de novo synthesis of lipid double bilayers originating from various sources of membranes. Multiple cellular origins can contribute to autophagosome membranes including the ER, Golgi apparatus, mitochondria and plasma membrane [3] .
A series of recent studies have uncovered a role for the endocytic pathway in facilitating the nucleation and maturation of preautophagosome structures [4] . For example, the autophagy players ATG9 and ATG16L1 can both interact with the AP-2 adaptor protein and undergo distinct clathrin-mediated endocytosis from the plasma membrane to Rab11-positive recycling endosomes [5] . During autophagy, the ULK1 kinase, which can also localize to Rab11 endosomes, phosphorylates ATG9 and potentiates its redistribution to preautophagosome structures [6, 7] . Subsequently, ATG9-and ATG16L1-containing recycling endosomes fuse requiring the activity of VAMP3 [8] . The importance of the endocytic pathway in autophagy is reinforced by the observation that the inhibition of the RTK IGF-1R restricted autophagosome formation potentially through attenuating clathrin-mediated endocytosis and the interaction of ATG16L1 with clathrin heavy chain [9] . Furthermore, the ATG8 family of ubiquitin-like proteins have been reported to interact with a number of the Tre2, Bub2 and Cdc16 (TBC)-1 domain-containing family members which act as GTPase-activating proteins (GAPs) to small Rab GTPases involved in endocytosis [10] . The functional relevance of many of these interactions is starting to unfold. A recent study shows that the interaction between LC3 and TBC1D5, a component of the retromer which plays an important role in the recycling of endocytosed proteins to the Golgi network or plasma membrane, is required for the recycling of the glucose transporter GLUT1/Slc2a1 to the cell surface [11] . TBC1D5 also interacts with ATG9 and, together with AP-2, is required for the proper sorting of ATG9 into autophagosome precursors during autophagy [12] . In addition to contributing to autophagosome biogenesis, the endocytic pathway is also important for autophagosome-lysosome fusion (reviewed elsewhere [4] ).
Collectively, these studies indicate associations between autophagy components and the endocytic pathway that influence their mutual activities (Figure 2) . Given that the endocytic pathway tightly regulates RTK signalling and the ability of endosomal compartments to contribute to the membrane origin of autophagosomes, it is plausible that RTKs and autophagy components can cross-talk. Current studies are beginning to uncover such commonalities and how they influence these processes.
RTK signalling regulates autophagy
A wealth of studies has demonstrated the influence of RTK signalling on autophagy regulation with the underlying molecular mechanisms still requiring further investigation. While stimulation of some RTKs (including EGFR, Her2 and FGFR1) have been shown to inhibit autophagy, ligand activation of others (such as Axl, ErbB3/ErbB4, TrkA, Ephrin and VEGFR) can promote autophagy [13] [14] [15] [16] [17] [18] [19] . Here, we will delve into the regulation of individual players of the autophagy machinery by RTK signalling of which the best studied are the ULK1 and Beclin-1 complexes.
The ULK1 complex
The ULK1 complex plays a central role in sensing and relaying signals to regulate autophagy. The ULK1 kinase activity is regulated by various post-translational modifications as well as by binding to adapter proteins, including ATG13, FIP200 and ATG101 [20] . The most studied post-translational modification occurs via mTOR complex 1 (mTORC1), which senses changes in nutrients and oxygen availability, growth factors and genotoxic stress. RTKs activate signalling through the PI3K/Akt/mTOR axis and can suppress autophagy through direct inhibitory phosphorylation of ULK1 and ATG13 by mTORC1 [20] . mTORC1 can also indirectly destabilize ULK1 via the phosphorylation of AM-BRA1, which inhibits the interaction between AMBRA1 and the E3 ligase TRAF6 thereby preventing the addition of stabilizing Lys 63 ubiquitin chains to ULK1 [21] . The activation of mTORC1 by numerous RTKs, e.g. during IGF-1 and FGF stimulation, suppresses autophagy presumably through ULK1 [22, 23] . Given that autophagy can proceed in the absence of ULK1 activity, it is possible that RTKs also regulate autophagy through the modulation of downstream autophagy players.
The Beclin-1 complex
The identities of ULK1 kinase substrates required for autophagy induction are only recently starting to unfold. One such substrate is Beclin-1 which exists in two distinct assemblies: the autophagy-specific ATG14L1/AMBRA1/Beclin-1/Vps34 complex and the endocytic modulator UVRAG/Beclin-1/Vps34 [24] . The autophagy-specific complex is required for the lipid kinase activity of Vps34 to produce PtdIns3P (PI3P) and the subsequent recruitment of PI3P sensors, including DFCP1 and WIPI proteins, to thereby initiate autophagy. Phosphorylation of Beclin-1 on Ser 14 by ULK1 is required for the activity of Vps34 during autophagy [25] . In addition to regulating Beclin-1 through ULK1, mTOR can also destabilize Beclin-1 through an unknown mechanism involving the mTORC1 and 2 components Raptor and Rictor [26] . Enhanced stability of Beclin-1 has also been observed upon genetic ablation of certain RTKs, such as FGFR [27] . However, whether this requires the deactivation of mTORC1 has not been shown. More directly, Akt has been shown to phosphorylate Beclin-1 on Ser 234 and Ser 295 resulting in its inhibitory interaction with the cytoskeletal components vimentin and 14-3-3 [28] . Overall, these studies show that Beclin-1 activities can be suppressed via PI3K/Akt/mTOR signalling.
Multiple-activated RTKs have been shown to inhibit autophagy through regulating Beclin-1 [13, 27, 29] . Of these, only EGFR has been shown to directly phosphorylate Beclin-1 [13] . Upon EGF stimulation, EGFR binds to and phosphorylates Beclin-1 on multiple sites thereby recruiting its inhibitor Rubicon and displacing Vps34. Introducing acidic mutations in Beclin-1 that mimic its phosphorylation by EGFR results in autophagy suppression and enhanced tumorigenesis. The enhanced binding between Beclin-1 and Rubicon during EGF stimulation may conversely regulate EGFR by relieving Rab7 from its inhibitory interaction with Rubicon thus promoting the lysosomal degradation of EGFR [30] . Inactive EGFR can also modulate autophagy. In the absence of ligand stimulation, EGFR forms a complex with the oncoprotein LAMPTM4B and the exocyst component Sec5 which sequesters Rubicon from its inhibitory effects on Beclin-1 and thereby initiates autophagy [31] . Treatment with the EGFR inhibitors erlotinib or gefitinib enhances the association of EGFR with Sec5 and promotes autophagy. Altogether, these studies suggest that active and inactive EGFR can exert opposing effects on the autophagy pathway through regulating Beclin-1 activity.
Further regulation of the Beclin-1 complex during RTK signalling can occur through regulation of Vps34 lipid kinase activity by Rab5. This regulation requires class IA PI3K which produces triphosphate PtdIns(3,4,5)P3 and facilitates the activation of Akt in response to RTK activation [32] . In the absence of growth factors, the catalytic subunit of class IA PI3K, p110β, associates with Rab5 and stabilizes its GTP-bound form which in turn stimulates Vps34-driven autophagy [32] . This suggests that RTK signalling can suppress multiple members of the Beclin-1 complex ensuring only basal levels of autophagy.
Transcriptional regulation of the autophagy machinery
As well as rapidly regulating autophagy via post-translational protein modifications, RTKs exert a sustained control over the pathway by modulating the transcription of several autophagy-related genes. RTK-mediated signalling cascades lead to the modulation of transcription factors, such as transcription factor EB (TFEB), the forkhead transcription factors (FoxO) and STAT3 that have been shown to regulate lysosomal and autophagy gene expression. Phosphorylation of STAT3 on Tyr 705 , required for its transcriptional activity, is catalysed directly by some RTKs such as VEGF, c-Met and EGFR [33] . Once in the nucleus, STAT3 exerts an autophagy-inhibitory function by down-regulating Vps34 and Beclin-1 expression. Although inhibition of autophagy has also been observed by cytoplasmic and mitochondrial STAT3, autophagy-stimulatory effects of nuclear STAT3 have also been documented. STAT3 can enhance the expression of HIF1A and BNIP3 which promote autophagy through up-regulation of autophagy-related gene expression during hypoxia and relief of Bcl2-mediated inhibition of Beclin-1 respectively (reviewed elsewhere) [33] . On the other hand, the activities of TFEB and FoxO are suppressed by RTK signalling pathways including mTORC1, Akt and ERK [34] [35] [36] [37] . Growth factor withdrawal or pharmacological inhibition of RTK signalling leads to the nuclear translocation of TFEB and FoxO and thereby increased expression of lysosomal and autophagy genes. This may have a therapeutic benefit, for example by stimulating the clearance of cellular aggregates in lysosomal storage disorders [38] . Of note, many RTKs can also translocate to the nucleus where they directly influence the activities of transcriptional factors (for example activation of STAT3 by directly binding to EGFR) [39] . However, the affect of nuclear RTKs on autophagy-related gene expression has not yet been determined. Overall, the transcriptional regulation of autophagy by RTK signalling reinforces the long-term suppression of autophagy by these receptors.
Co-operation between autophagy and RTKs
The multitude of connections between the autophagy and RTK pathways is garnering interest regarding the influence of autophagy on RTK signalling. The connections of several RTKs are beginning to be explored with receptors such as VEGFR, c-Met, c-Ret, EGFR and DTK relying on autophagy for their optimal activities [40, 41] . Whilst many of these connections are beginning to unfold, the mechanistic focus has rested on c-Met and EGFR signalling, which will be discussed here.
c-Met and adhesion signalling
To prevent inappropriate growth when not anchored at their functional site, normal cells engage in a type of cell death called anoikis. To avoid anoikis, cancer cells modulate various cellular pathways including inhibition of cell death regulators, elevation of RTK and integrin signalling and induction of autophagy. Enhanced RTK/integrin signalling and autophagy can stimulate metabolism and maintain cellular energy status to promote growth and survival [42] . During detachment or ligand activation, internalized c-Met, in co-operation with β1 integrin, promotes survival and oncogenic growth in an autophagy-dependent manner [43] . Activated c-Met localizes on LC3-positive vesicles potentially recruiting ERK1/2 ( Figure 3) . Interestingly, this signalling platform requires the expression of the autophagy players ATG5 and Beclin-1 but not ATG13, suggesting that these structures may differ from canonical autophagosomes and may override RTK-mediated suppression of autophagy via the ULK1 complex. Autophagy also promotes the phosphorylation of c-Met as well as other RTKs in colorectal cancer cell lines implying that autophagy regulates RTK activity further upstream [40] .
EGFR signalling
Despite the lack of evidence for EGFR recruitment to autophagic membranes [40] , functional co-operation has been reported ( Figure 3) . Singh et al. documented that autophagy is required for optimal MAPK signalling during EGF stimulation [44] . Interestingly, MEK and ERK localized to the cytosolic face of autophagosomes and immunoprecipitated with LC3. Whether EGFR also localizes on these autophagic membranes was not addressed in this study. Furthermore, autophagy can positively regulate EGFR by promoting its stability through the non-RTK, Ack1 [45] . In the absence of ligand binding, Ack1 interacts with autophagy receptors, including p62 and NBR1, within ubiquitin-rich domains. Upon EGF stimulation, Ack1 is displaced from these ubiquitin-rich structures and localizes to early endosomes where it can divert active EGFR from lysosomal degradation. These endosomal compartments are also partially positive for ATG16L1 suggesting that autophagy players can promote oncogenesis by regulating the localization and activation of EGFR [45, 46] . The facilitation of EGFR signalling by autophagy may be contradicted by the EGF-mediated suppression of autophagy (described above) providing a negative feedback regulation of this RTK.
In contrast, the Beclin-1 complex has been shown to down-regulate EGFR signalling by promoting PI3P production and the maturation of APPL-positive early endosomes in breast cancer cell lines [47] . By prolonging the residence of EGFR at early endosomes, the absence of Beclin-1 results in sustained Akt/ERK signalling during EGF stimulation. Similarly, genetic manipulations of autophagy-related protein levels (including ATG7 and ATG9A) show that higher levels of autophagy proteins correlate with reduced stability of EGFR or its family member Erb2/Her2 in the presence of their respective inhibitors [48, 49] . Whether autophagic flux directly contributes to the degradation of these RTKs has not been fully explored. The opposing findings regarding the regulation of EGFR signalling by autophagy suggest a complex cross-talk between the two pathways that is likely to be context dependent. 
The affect of autophagy-RTK cross-talk on health and disease
The interaction between autophagy and RTK signalling is implicated in various physiological and pathological conditions ( Table 1) . In recent years, much interest has focused on the therapeutic potential of manipulating this connection by targeting one or both the pathways to alleviate the disease. Here we explore the role of RTK-autophagy co-operation in a variety of disease settings and their potential therapeutic targeting.
Cancer
Oncogenic mutations resulting in RTK overexpression and/or constitutive activation are associated with many cancers [1] . RTKs are therefore considered ideal target candidates for cancer therapy. Yet, despite promising initial antitumour response to small molecule RTK inhibitors (TKIs) and anti-RTK monoclonal antibodies, subsequent tumour relapse has been a recurring problem over the last two decades. Resistance to TKIs can be due to a combination of acquired mutations, kinase-independent activities of these RTKs or activation of survival response pathways such as autophagy [50] [51] [52] [53] [54] . The combined use of autophagy antagonists and RTK inhibitors show improved response to treatment in cell culture and xenograft models of solid tumours including breast cancer, ovarian cancer, non-small-cell A summary of how the co-operation between autophagy and RTK signalling impacts disease and treatment outcome.
lung cancer and neuroblastoma [55] [56] [57] [58] [59] . Tissue culture and mouse modelling studies also show that genetic inhibition of autophagy suppresses MAPK/Akt/mTOR signalling which correlates with reduced tumour growth thereby suggesting that attenuating autophagy may mirror RTK inhibition [60, 61] . Autophagy activation during TKI treatment may occur following the relief of RTK-mediated inhibition of autophagy, as discussed above or as a consequence of cell death induction or altered metabolism [54, 62] . The mechanism of how autophagy prevents drug-induced cell death and contributes to drug resistance remains largely unknown. In the context of RTK signalling, it has been shown that treatment of patients with one RTK inhibitor can result in the amplification of another receptor [63] . Here, the ability of autophagy to facilitate RTK signalling may provide one mechanism through which it contributes to drug resistance. For instance, a subset of colorectal cancer patients who developed resistance to anti-EGFR monoclonal antibody therapy harbour amplification of Met [64] . The role of autophagy in supporting c-Met signalling suggests that its targeting may be beneficial during combinational therapy. Alternatively, the influence of autophagy activation on cell survival may occur indirectly through maintenance of cellular homoeostasis (e.g. clearance of damaged organelles such as mitochondria as a result of chemotherapy treatment), the absence of which can be catastrophic [65] .
A growth suppressive function of autophagy during RTK inhibition has also been reported [66, 67] . Phosphorylation of Beclin-1 by EGFR inhibits autophagy and promotes tumour growth and resistance to erlotinib treatment [13] . Autophagy-mediated degradation of the Fms-like tyrosine kinase 3 harbouring internal tandem duplication (FLT3-ITD) can suppress tumorigenesis during treatment with the proteasome inhibitor bortezomib in an acute myeloid leukaemia (AML) model [68] . Autophagy may also engage in supporting cell death induction where it can potentially mediate caspase-independent forms of cell death or regulate cell death machinery [69] . In cases of RTKs with potential tumour suppression functions (including EphB2 and TrkA), it has been shown that receptor activation is associated with enhanced autophagy and non-apoptotic cell death [15, 17] . The molecular mechanism underlying autophagy induction by these RTKs or what distinguishes tumour suppressive from tumour promoting autophagy requires further investigation.
Conclusions derived from combined autophagy and RTK inhibition studies are complicated by the fact that many cell culture and xenograft models are limited by the use of homogeneous cell clones whereas most solid tumours are heterogeneous. This suggests that the combined inhibition of RTK and autophagy may produce an intratumoural heterogeneous response. Additionally, clinically approved compounds that inhibit or activate autophagy are not specific therefore it is possible that autophagy-independent mechanisms contribute to the response of cells to TKIs. Furthermore, inhibiting autophagy at different stages (initiation compared with lysosomal degradation) may exert opposing effects on tumour cells. With such discrepancies considered, it is likely that different cancers will vary in their response to combined inhibition of RTK and autophagy. As early phase clinical trials are currently undergoing (including combinations of hydroxychloroquine along TKIs such as sunitinib and erlotinib in solid tumours), it is yet to be determined whether our current understanding of the biological relevance of autophagy and RTK inhibition in cancer treatment will benefit clinical outcome [70] .
Other models
In contrast with the potential benefit of inhibiting autophagy in some cancers, enhanced autophagy may constitute a health benefit in alternative diseases. One example is the autophagy homoeostatic function required for neuronal health largely mediated through the clearance of protein aggregates [71] . While the treatment with non-RTK inhibitors and the associated clearance of aggregates by autophagy has yielded promising results in neurodegenerative disease models, the intriguing possibility of repurposing RTK inhibitors to induce autophagy in these settings has not been fully explored [72] [73] [74] [75] . Similarly, RTK inhibition has been used to promote selective degradation of microbes by autophagy (known as xenophagy) [76] . Autophagy stimulation during Mycobacterium tuberculosis infection limits the expansion of the bacterium in macrophages [77] . Treatment with the EGFR inhibitor gefitinib activated autophagy and partially limited M. tuberculosis infection in mice [78] . Several additional RTK inhibitors have been shown to restrict pathogen infection but whether their action is mediated by autophagy remains to be investigated to determine the benefits of repurposing TKIs to activate autophagy in specific disease settings [79] [80] [81] [82] .
Autophagy is considered to be beneficial in delaying the onset of aging. In a Caenorhabditis elegans model for extended lifespan induced by mutating daf-2, a homologue of mammalian IGF-1R, higher levels of autophagy were detected in aged worms [83] . Whole body RNAi of ATG18 (C. elegans homologue of WIPI) suppressed lifespan extension of daf-2 mutant worms. The implication of these studies in a mammalian setting remains to be confirmed. Reduced IGF-1 levels in mice correlated with an increase in autophagy and loss in heart weight during starvation implying that enhanced autophagy may have deleterious effects [22] . Furthermore, conflicting results show that prolonged IGF-1R inhibition in mammalian cells may instead attenuate autophagy by suppressing the contribution of plasma membrane to autophagosome biogenesis [9] . Together these studies suggest that the implication of autophagy in such aging models requires further investigation.
Conditions where RTK signalling induces autophagy have also been manipulated to ameliorate inflammation. Ligand activation of the RTK Axl correlated with transcriptional enhancement of autophagy and suppression of NLRP3 inflammasome activity, while the related RTKs DTK and MERTK did not influence autophagy [18] . Such signalling from Axl restricted acute hepatic injury in mice during carbon tetrachloride or lipopolysaccharide administration suggesting an overall advantage of autophagy activation in restricting the immune response.
Altogether, these studies suggest that autophagy can respond to changes in RTK signalling in vivo. However, whether autophagy mediates the physiological implications of RTK modulation and its benefits in additional disease models remain to be determined.
Concluding remarks
The interplay of autophagy and RTKs appears to be complex and context dependent. Given that there is no direct method to monitor autophagic flux in vivo or in patient samples, it is possible that the association between RTKs and autophagy may be influenced by additional factors not modelled using existing experimental approaches. This may be particularly relevant in light of our current understanding of the roles of RTK activation and autophagy in supporting cancer progression. For these reasons, targeting autophagy to influence RTKs and vice versa requires careful experimental investigation and points towards the need for personalized medicine. Future studies utilizing genetic means to specifically target autophagy and the development of autophagy-specific modulators will be required to address these issues before advancing from the bench to the clinic.
Summary
• RTKs can directly and indirectly regulate autophagy.
• Transcription of autophagy players can be suppressed by RTK signalling.
• Autophagy facilitates signalling from certain RTKs.
• The interaction of RTKs and autophagy can be manipulated to impact cell fitness and disease development.
